We describe a synthetic pathway to the formation of stable pyridine-functionalized octanethiolate mixed monolayer-protected Au clusters (MPCs). The spectroscopic characterization data of MPCs using NMR, UV-vis, TEM, XPS, and thermal-analysis-mass techniques are discussed. TEM analysis showed that spherical nanoclusters of 3-5 nm were produced. Furthermore, the particle sizes are uniform with a narrow size distribution. The pyridine-functionalized MPCs formed 2D superlattices with hexagonal packing covering on the carbon-coated copper grids during the toluene evaporation. For all samples, the S 2p 3/2 and 2p 1/2 components that appeared at ~162 and ~163 eV, respectively, in the XPS spectra compare very well with the typical value of chemisorbed S species. Thermal analysis mass spectrometer was used to analyze desorption behavior of octanethiolated MPCs or pyridinefunctionalized mixed MPCs. The TA-mass spectra have revealed that MCPs exist monomer and dimer desorption behavior from monomeric thiolate adsorbed on the surface.
INTRODUCTION
Very recently, extensive experimental work has been reported that it is relatively easy to prepare stable, densely packed, and well-ordered organosulfur self-assembled monolayers (SAMs) on gold surfaces. [1] [2] [3] [4] [5] [6] [7] [8] [9] Chemisorption of alkanethiols on Au surface is believed to occur by oxidation addition to produce an alkanethiolate characterized by a wide variety of experimental methods. Tunneling microscopy and diffraction methods have found that SAMs display complex phase behavior that depends upon coverage, temperature, chain length, and method of preparation. 1, [10] [11] [12] [13] Long chain alkanethiols are easier to self-assemble on gold surface to form densely packed monolayers that the alkyl chains pack in an all-trans conformation and tilt ca. 27° to the normal. 14 Electron microscopy and helium atom diffraction indicate a hexagonal lattice with a S-S distance of 5.0 Å which corresponds to the Au-Au (111) face lattice spacing and results in a surface density of 4.6 x 10 14 molecule cm -2 .
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Many mass spectrometric methods have been used to analyze the desorption behavior of thiolated SAMs. Temperature-programmed desorption (TPD) measurements for thiolated
SAMs have detected a dimer species following desorption. [16] [17] [18] Recently, SAMs of thiolated on Au were studied by N 2 laser desorption followed by vacuum ultraviolet photoionization mass spectrum in a time-of-flight mass spectrometer. 19 Dimers (RSSR + ) dominated the photoionization mass spectrum from all chain lengths of alkanethiolated SAMs. It was suggested that dimerization occurs as a result of the recombination of surface thiolateds during desorption.
Alkanethiols with different chain lengths or terminal functional groups form mixed monolayers. Chidsey reported assembly of mixed monolayers of ferrocene-substituted and unsubstituted alkanethiols on Au(111) surface in a study of electron transfer rates. 6, 20 Recently, functional groups on the outmost portion of the modified electrode surface, which can straightforwardly undergo many synthetic transformations, have been demonstrated.
Furthermore, important recent reports describing the stabilization of monolayer-protected Au clusters (MPCs) with chemisorbed alkanethiols open the way to the studies of three-4 dimensional monolayers by conventional methodologies such as NMR spectroscopy. [21] [22] [23] [24] [25] [26] [27] [28] [29] There are particularly important for various applications, for examples, in molecular electronic devices and in the preparation of photo-electronic nano-devices. 30, 31 In particular, Chen and his coworkers reported a study to construct 4-(1-oxo-7-mercaptohexyl)pyridine functionalized gold nanoparticles. 34 The assembling of nanoparticles surface layers was effected by exploiting the complexation interactions between divalent metal ions and pyridine moiety. The number of the nanoparticle layers was controlled by the repetition of the dipping cycles. Recently, we described the synthesis of 4′-ferrocenyl-2,2′:6′,2′′-terpyridine and 4′-biferrocenyl-2,2′:6′,2′′-terpyridine ruthenium (II) terpyridyloctanethiolate complexes, and studied the molecular self-assembly of these inorganic complexes chemisorbed on Au nanoparticles. 35 Very recent, Mayer reported functionalized gold and silver MPCs coated by polypyridyl ruthenium(II) complexes.
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In this paper, we describe a synthetic pathway to the formation of stable pyridinefunctionalized octanethiolate mixed monolayer-protected Au clusters. The spectroscopic characterizations for the Au MPCs are reported. Thermal analysis mass spectrometer (TA-MS) was used to analyze desorption behavior of octanethiolated MPCs or pyridine-functionalized mixed MPCs. Desorption of alkanethiols on metallic surfaces has been studied.
Comparatively, desorption of alkanethiolate on nanoparticles has been scarcely studied and, to our knowledge, desorption of alkanethiolated Au MPCs has never been studied by TA-MS.
The MPCs bearing Py ligand could provide systematic studies in application of their selfassembly using a variety of transition metals. Metal-ligand MPCs provide an expansion of structural diversity of self-assembly processes, as well as imparting functional attributes such as redox and photochemical properties to the resulting constructs.
EPERIMENTAL DETAILS

General Information
The preparations involving air sensitive materials were carried out by using standard Schlenk techniques under an inert atmosphere of N 2 . Chromatography was performed on neutral Al 2 O 3 (act.
III). Dried THF was distilled from Na. All chemicals were reagent grade and used as received.
Pyridine-functionalized octanethiolate monolayer protected clusters were prepared as illustrated in Scheme 1. Octanethiolated Au MPCs (AuC 8 ) were prepared as described by Murray.
23, 24
Pyridyloctanethiol (2)
For 1, to the THF solution (100 ml) of 4-picoline (3.5 ml, 35.7 mmol) at -78 °C was added dropwisely a THF solution of lithium diisopropylamide (18 ml of 2.0 M, 35.7 mmol) to form an orange solution.
The mixture was stirred for 1 h, and then the reaction mixture was added 1,7-dibromohpetane (6 ml, 35.7 mmol). The reaction mixture was continued stirring for 3 h, and then quenched with water. The crude product was extracted with hexane. The combined extracts were washed with saturated aqueous NaHCO 3 and it was then dried over MgSO 4 . The solvent was removed under reduced pressure. The red residue was chromatographied, and elution with hexane/EA (1:1) gave the desired compound. The diameters of approximately 3.1 ± 0.5 nm. The ～3 nm sized particles were used to induce size and shape evolution with heating treatment in toluene or in TOAB (tetraoctylammonium bromide).
Heating Treatment of AuC 8 in Toluene (AuC 8 -U t )
Shape evolution with heating treatment in toluene was carried out by the method outlined in the literature published by Zhong. 37 Briefly, particles of AuC 8 were redissolved in a small amount of toluene (2 mL) together with N(C 8 H 17 ) 4 Br (0.2 g). The resulting solution was heated in a silicon oil bath at 145 ºC. When the color of this solution changed from brown to dark red, the solution was heated further at 110 ºC for an additional 5 h. The change in color also included a size evolution. The solvent was removed in a rotary evaporator (under 50 ºC) followed by washing several times with ethanol and acetone. The Au MPCs created by using the heating treatment had average core diameters of approximately 4.1 ± 0.2 nm (measured by transmission electron microscopy).
Heating Treatment of AuC 8 in TOAB (AuC 8 -U a )
Shape evolution with heating treatment in molten TOAB was carried out by the method outlined in the literature published by Miyake. 38 Briefly, a toluene solution containing a 2:1 mole ratio of octanethiol to HAuCl 4 was reduced using NaBH 4 at room temperature following the Murray's procedure. The organic layer was extracted with toluene. Following the evaporation of the organic layer, particles of AuC 8 were heated to 150 ºC with heating rate of 2 ºC/min in a silicon oil bath. After heating at 150 ºC for 30 min, the color of this solution changed from brown to wine-red, the solution was then cooled down to room temperature. The change in color indicates a size evolution. Free thiol and TOAB were removed by rinsing several times with methanol and acetone. The size-evolution Au MPCs (AuC 8 -U a )
by heat treatment in TOAB had 5.2 ± 0.3 nm core diameters measured by transmission electron microscopy.
Synthesis of AuC 8 -Py
A mixture of AuC 8 (30 mg) and 2 (37 mg) in 1 mL toluene was stirred at room temperature for 48 hr.
The solvent was removed under vacuum. The resulting product was suspended in a solution of acetone/ethanol and isolated with centrifuge. This procedure was repeated several times to obtain purified Py functionalized AuC 8 -Py MPCs.
Synthesis of AuC 8 -U t -Py and AuC 8 -U a -Py
A mixture of uniformed Au MPCs (AuC 8 -U t or AuC 8 -U a , 30 mg) and 2 (37 mg) in 1 mL toluene was stirred at room temperature for 48 hr. The solvent was removed under vacuum. The resulting product was suspended in a solution of acetone/ethanol and isolated with centrifuge. This procedure was repeated several times to obtain purified Py functionalized MPCs (AuC 8 -U t -Py and AuC 8 -U a -Py).
Physical Methods
The 1 H and 13 C NMR spectra were run on a Varian UNITY INOVA-500 spectroscopy. The UV spectra were obtained with a Hitachi U-4000 spectroscopy. Transmission electron microscopy (TEM) was performed in JEOL JEM-3010 Analytical Scanning Transmission Electron Microscope. The size and morphology of the nanoparticles were determined by transmission electron microscopy. The nanoparticles dissolved in toluene solution were then dropped into a 200 mesh carbon-coated copper grid sample holder, and then followed by natural evaporation at room temperature. The surface chemical composition of the copper nanoclusters was analyzed with a VG Scientific ESCALAB 250 operated at 400 W. A monochromatic Mg Kα X-ray source at 1253.6 eV was used, and the system was calibrated with respect to the C 1s peak. The desorption temperature of the adsorbed octanethiols and the weight loss percentage of the nanoparticles were determined with a DTA-TG-MS spectroscopy by coupling Netzsch STA-409CD analyzer with Balzers QMA 400 spectroscopy under He (flow rate = 100 mL/min) at a heating rate rate of 10 deg/min. Mass spectra were obtained with electron ionization method (70 eV).
RESULTS AND DISCUSSION
Spectroscopic Analysis of Au MPCs
The schematic structures of the ligand and MPCs that are the focus of the present investigation are illustrated in Scheme 1. In the following sections, the characterization data of MPCs using NMR, UV-vis, and TEM techniques are discussed first, after which the XPS measurements and thermal analyses of MPCs.
NMR Spectroscopic Analysis.
The NMR technique was used to confirm an important question, which was whether or not the organic shell was functionalized by pyridyl octanethiol. superlattices with hexagonal packing covering on the carbon-coated copper grids during the toluene evaporation.
UV-Vis Measurement
Optically, both intensity and energy of the surface plasmon (SP) resonance bands of nanoparticles have been known to be strongly dependent on size. Fig. 4 shows a set of UV- 
X-Ray Photoelectron Spectroscopy
The compositions of the samples were checked with XPS analysis. Fig. 5 depicts the XPS spectra of MPCs over the full range and the individual elemental peaks. For all samples, the S 2p 3/2 and 2p 1/2 components that appeared at ~162 and ~163 eV, respectively, in the XPS spectra (Table 1) compare very well with the typical value of chemisorbed S species. 39 The slight downward shift relative to sulfur in the free alkanethiols indicates that the nanoclusters are alkanethiolate MPCs. Sulfonate signals were not detected, typically appeared at >167 eV.
The Au 4f spectrum was resolved into a single spin-orbital pair (splitting 3.6 eV) with 4f 7/2 and 4f 5/2 appeared at ~84 and ~87 eV, respectively. As seen in the Table 1 , the C:S atomic ratios in AuC 8 -U t -Py and AuC 8 -U a -Py were found higher than that in AuC 8 . This suggests that pyridyloctanethiols were adsorbed onto the Au nanoclusters.
Thermal Analysis-Mass Spectroscopy
Thermal analysis coupling with mass spectroscopy was used to analyze Au MPCs and provided information on the adsorption behavior. In the following sections, the in-situ TGA of Au MPCs is discussed first, after which the mass spectra and in-situ DSC analysis of Au MPCs.
3.2.1.
In-Situ TGA We also noticed from the derivative thermographs of AuC 8 -U t -Py and AuC 8 -U a -Py MPCs that the weight loss was not a simple one-step process. A peak was observed at the higher temperature side of the main peak. In the case of alkanethiolated Au MPCs, it was reported that the desorption behavior of the organics occurred in a stepwise manner due to the different binding sites on the nanoclusters. 23, 40 To consistent with our TA-mass results below, we would suggest that the pyridyloctanethiolate fragment was desorbed from the nanoclusters at higher temperature.
In the case of alkanethiolated Au MPCs studied by TGA, a slight increase in desorption temperature was observed with increasing thiol chain length. 40 It has been suggested that the difference in desorption temperature is due to the van der Waals interaction between the chains, which is stronger for the longer alkanethiol chain. 39b For our mixed MPCs (AuC 8 -U tPy and AuC 8 -U a -Py), it seems unlikely that the two thiols (pyridyloctanethiol and octanlthiol)
will show different Au-S bond strength of chemisorption. Furthermore, we have assumed the same van der Waals attraction between the mixed thiols. We would hence suggest that the difference in desorption onset is attributed to the different binding sites on the nanoclusters. Where υ 1 : pre-exponential factor, E d : desorption activation energy, R: gas constant, T p :
TA-Mass
desorption maximum temperature and β: linear heating rate. Redhead's analysis has been applied to thermal desorption experiments by many researchers, especially for the first-order reaction. The simple characterization using Redhead's analysis would yield some differences for a system with strong intermolecular interactions and dimerized desorption due to the assumption of a pre-exponential factor of 1x 10 13 s -1 . TPD of octadecanethiolated monolayer on Au(111) metal surface revealed that monolayer desorbs to form a dimer with a desorption activation energy of 32 kcal/mol. 17 From the TA-mass spectrum of AuC 8 MPCs in Fig. 7 , the desorption maximum temperature was seen at 480 K. Using the same equation, we obtained an activation energy of 32.5 kcal/mol for the desorption process in the AuC 8 MPCs, assuming a pre-exponential factor of 1x 10 13 s -1 . The activation energy in our system is similar with that of alkanethiolated monolayers on Au(111) metal surface. The desorption kinetics of uniform close-packed alkanethiolated SAMs on the Au(111) surface examined by TDS has revealed that there exists a dimerization process of SAM molecules, resulting in dimer desorption from monomer SAM adsorbed on solid Au surface. 17, 18 To consistent with our in-situ DSC results below, on the other hand, we would believe that the alkyl sulfide monomer and dialkyl disulfide dimer were desorbed from the molten Au MPC surfaces, resulting in a desorption activation energy of 32.5 kcal/mol.
Mixed monolayers of MPCs (AuC 8 -U t -Py and AuC 8 -U a -Py) show great promise for engineering surface properties. Fig. 8 and Fig. 9 show the TA-mass spectra of AuC 8 -U t -Py and mixed dimer (C 21 H 37 NS 2 + m/z at 367.2) fragmentations in our system is due to the thermal nature of the desorption process. In our system, thermal desorption of alkanethiolates showed two desorption maximum temperatures: the dimer peak near 457 K corresponding to weakly chemisorbed octanethiolates and the peak near 519 K corresponding to strongly chemisorbed pyridyloctanethiolates. Low concentration of pyridyloctanethiolates on the nanoparticle surfaces would have geometries unfavorable to dimerization.
In-Situ DSC
In our in-situ DSC analysis (Fig. 10) 
Desorption Kinetics of MPCs
The desorption kinetics of uniform close-packed alkanethiolated SAMs on the Au (111) surface examined by TPD has revealed that there exists a dimerization process of SAM molecules, resulting in dimer desorption from monomer SAM adsorbed on solid Au surface.
Upon heating, the extended all-trans conformations of the alkanethiolate chains are retained.
As shown in Fig. 11a , the two neighboring all-trans conformations of alkanethiolates would be in favorable geometry to dimerization. Therefore, desorption behavior studied with TPD experiments methods with all chain lengths of alkanethiolated monolayers on Au(111) metal surface has been detected solely as dimers. In our system, the trans conformations were disrupted upon heating. A phase transition of melting (T m ) involving conversion of trans conformations to a more disordered gauche conformations was detected in in-situ DSC. Some trans conformations were retained at temperatures greater than T m , resulting in dimer desorption. Gauche conformations were unfavorable to dimerization, resulting in monomer desorption. In the case of mixed monolayer, low concentration of strongly chemisorbed pyridyloctanethiolates on the molten nanoparticle surfaces would have more conformational freedom, resulting in gauche conformations which were unfavorable to dimerization.
CONCLUSIONS
In summary, we have studied pyridine-functionalized thiolated gold nanoparticles prepared via an exchange method and investigated the monolayers of the thiolated chains chemisorbed on the nanocluster surfaces. TEM analysis showed that spherical nanoclusters of 3-5 nm were produced. Furthermore, the particle sizes are uniform with a narrow size distribution. The pyridine-functionalized AuC 8 -U a -Py MPCs formed 2D superlattices with hexagonal packing covering on the carbon-coated copper grids during the toluene evaporation. The regularity of the interdistance between the nanoparticles could be possibly attributed to the intermolecular Py-Py interaction, such as the π-π interaction between pyridines on Au MPCs. Desorption kinetics of monolayer on the nanocluster surface was examined by thermal desorption spectroscopy. In addition, Redhead's analysis for the desorption activation energy was calculated, assuming a pre-exponential factor of 1 x 10 13 s -1 . From the in-situ DSC analysis, we expect that the mobility of the alkyl chains increases with temperature and hence behave more liquid-like at temperatures greater than melting point. Inset: S and Au components. 
